The spectra of equilibrium chain conformation fluctuations of apomyoglobin (apoMb) as a function of folding, from the aciddenatured state at pH 2.6 through the stable molten globule state pH Ϸ 4.1 to the folded state at pH 6.3, are reported, as measured by fluorescence correlation spectroscopy. The conformational fluctuations, which are detected by quenching of an N-terminal fluorescent label by contact with various amino acids, can be represented by superpositions of decaying exponentials with time scales ranging from Ϸ3 to Ϸ200 s. Both the time scales and amplitudes of the fluctuations increase with the degree of acid denaturation, with principal shifts associated with the transition across the molten globule state. Measurements of the diffusion of apoMb confirm theoretical values showing a Ϸ40% increase in the hydrodynamic radius upon acid denaturation. This study uses the model protein apoMb to illustrate the complex scope of foldingassociated structural dynamics.
A major challenge of structural biology is elucidation of the complex pathways by which proteins attain their folded, functional structures, or in the case of many proteins, misfolded structures. Understanding requires not only characterization of the structures populated during folding, but also the dynamics of the polypeptide chain as its motions become restricted to progressively narrower ranges as folding reaches toward completion. Of particular interest are the intrachain contacts formed in unfolded or partially folded molten globule states, which may limit the conformational space sampled by the chain, directing it toward its final structure. However, because the relevant chain motions in structural fluctuations can span time scales from picoseconds to seconds, they may be elusive to traditional techniques (such as NMR) or lost in the dead time of stoppedflow measurements, and thus have been difficult to characterize.
Extensive characterization of both the thermodynamics and kinetics of the sperm whale apomyoglobin (apoMb) structure by numerous techniques has made it a paradigm for protein folding studies (1) . ApoMb is generated by removing the noncovalently bound heme group from myoglobin ( Fig. 1) . ApoMb has provided a unique insight into the folding reaction because it undergoes a three-state pH-induced unfolding transition via stable molten globule intermediates.
It has been reported that apoMb can be induced to transition from its native all-helical structure to an aggregated ␤-sheet form that is characteristic of amyloid deposits, which are associated with a broad range of diseases (2, 3) . This observation, which motivates the research presented here, implies the potential for insight into protein misfolding by studying the structural fluctuations associated with folding pathways (2) .
With the ability to access time scales from nanoseconds to seconds, f luorescence correlation spectroscopy (FCS) has emerged as a powerful technique for characterizing dynamics of molecules of biochemical and biophysical interest (4) (5) (6) (7) (8) . Although commonly used to measure the diffusion-associated properties of biomolecules, FCS can also characterize fluctuations in fluorescence intensity caused by chemical kinetics or photophysics (4) (5) (6) (7) (9) (10) (11) . A number of studies have demonstrated the utility of FCS in monitoring folding or functionrelated conformational fluctuations in RNA (12, 13) , DNA (14) (15) (16) (17) (18) , polypeptides (19) , and, of particular interest to this study, proteins (20) (21) (22) (23) (24) . Chattopadhyay et al. (20, 21) followed a pH-induced unfolding transition in a small fatty acid binding protein, finding that the decrease of the amplitude of a Ϸ35-s fluctuation mirrored the unfolding of the protein and later demonstrating that their observed motions were diffusive in nature. Similarly, Rischel et al. (22) were able to put an upper bound of Ϸ4 s on the time scale of fluctuations in denatured cytochrome c. Here, our use of FCS to measure equilibrium structural fluctuations of apoMb challenges current instrumental capabilities and tests the limits of FCS autocorrelation methods.
ApoMb can be denatured conveniently by the addition of acid. The native state (N state) of apoMb is formed above pH 6. Its structure is similar to that of the heme-bound protein except for enhanced flexibility and partial unfolding of the F-helix (25) . At pH 4.2, apoMb exists as a mixture of two partially folded forms, I a and I b (26) , which are classic molten globules in that they contain extensive secondary structure but loosely packed cores (27, 28) . Structure in I a is limited to helices A-G-H, and to a lesser extent, helix B; I b is similar except that helix B is more structured (29) . I a and I b equilibrate on the 1-to 10-ms time scale at pH Ϸ4.2; however, the equilibrium constant has not been measured (30) , thus ''I'' refers to the equilibrium mixture of I a and I b . At pH 2.5, apoMb exists in an unfolded state (U state) that nonetheless contains some helical secondary structure (31) (32) (33) .
In this study, we apply FCS to measure the equilibrium chain dynamics of apoMb as a function of pH. The V1C mutation at the amino terminus of the protein allows for specific labeling with the fluorophore Alexa 488 (apoMb V1C-AL488). The fluorescence emission of Alexa 488 is sensitive to specific interactions with quenching groups in the protein chain, thereby reporting on the contact dynamics of the N terminus of the protein. We find that the correlation curves for these effects can be best represented by two exponential relaxation times above pH Ϸ4.1, whereas the low pH curves require three relaxation times, allowing us to resolve fluctuations on timescales ranging from Ϸ3 to Ϸ200 s. Although the relaxation times of the motions are relatively insensitive to pH, the amplitude of the correlation signal at each pH can be attributed to increase in fluctuations as the protein unfolds. In addition, we extract the diffusion time of apoMb at each pH as a measure of the relative hydrodynamic compactness of the structures populated.
Results
To determine the extent to which the Alexa 488 label perturbs equilibrium folding of apoMb, we monitored acid-induced unfolding of WT and V1C-AL488 by using CD and the accompanying dependence of the fluorescence of V1C-AL488 (Fig. 2) . ApoMb WT unfolds in the well documented three-state manner. The N/I transition occurs with a midpoint (pK 1 ) near pH 4.7. The characteristic molten globule state (I) is maximally populated at pH 4.1. I unfolds to U with a midpoint (pK 2 ) near pH 3.4. Introduction of the V1C mutation and the dye group does not change pK 1 , pK 2 , or the molar ellipticities of N, I, or U. This finding indicates that the Alexa 488 label does not perturb the structures or stabilities of the species populated throughout the acid-induced unfolding reaction. We characterized the acidinduced unfolding reaction of apoMb V1C-AL488 by Alexa 488 bulk fluorescence. The fluorescence intensity (corrected for the changes in Alexa 488 absorption caused by pH) decreases as the protein unfolds from N to I, and decreases further as I unfolds to U [supporting information (SI) Fig. 5] , showing its suitability for reporting variations of the unfolding of apoMb.
FCS measurements were made of apoMb V1C-AL488 in solutions ranging from pH 6.3 to 2.6. Data were fitted with five models seeking optimum representations: diffusion only with one or two diffusing components (1D and 2D) and with diffusion plus up to three kinetic components (1D ϩ 1F, 1D ϩ 2F, and 1D ϩ 3F) (see Materials and Methods and SI Text for a complete discussion of models and an illustrative FCS data representation in SI Fig. 6 ). The best fits from the five models for measurements at pH 2.6 and 6.3 are shown in Fig. 3 a and c, with expanded axes in Fig. 3 b and (Fig. 4a) , the relaxation times themselves are relatively constant (Fig. 4b ). In the pH Ն 4.35 samples the amplitudes of the two relaxation times exhibit similar behavior: A 1 , associated with the Ϸ100-s fluctuation, grows from Ϸ3% to Ϸ10% as the pH decreases from 6.3 to 4.35, whereas A 2 reflects a Ϸ8-s fluctuation that grows from Ϸ7% to Ϸ12%. In the pH Յ 4.1 samples, B 1 is associated with a Ϸ200-s relaxation time and remains constant at Ϸ10%. The amplitudes of the two faster components in these samples are larger than B 1 , and both increase in value as the pH decreases; B 2 (Ϸ30-s fluctuation) increases only a small amount, from Ϸ11% at pH 4.1 to Ϸ13% at pH 2.6, whereas B 3 (Ϸ3-s fluctuation) increases from Ϸ11% to Ϸ17% over the same pH range.
In choosing the number of exponential time decay components appropriate for each pH, we aimed to use the simplest model possible that accurately fit the data within the experimental uncertainties. We observed approximately an order of magnitude difference between each of the relaxation times we are able to assign. However, we cannot exclude the possibility that there are additional relaxation times that we do not observe, either because they are faster than the resolution of our measurements, or because they are not spectrally separable from the dominant time scales that we do observe.
These measurements also provide diffusion times ( D ) of the protein, which are directly proportional to the hydrodynamic radii (r H ) and represent an average over all fluctuating structures at each pH. D can be extracted accurately from the correlation function fits; these values are plotted as a function of pH in SI Fig. 7a . The fitted diffusion time for the folded state at pH 6.3 is 1 Ϯ 0.015 ms, which corresponds to a hydrodynamic radius r H Х 2.0 Ϯ 0.1 nm. The r H at pH 2.6 can be scaled from SI Fig. 7a and compared with previous literature reports on published apoMb hydrodynamic radii (34); ApoMb V1C-AL488 maintains a native-like conformation between pH 6.3 and 4.35, but shows a continuous increase in r H beginning at pH Ϸ4.1. This increase is consistent with the I to U unfolding transition observed by CD (Fig. 2) . D is relatively insensitive to the model used to fit the correlation function, and similar values for D were found by using 1D ϩ 1F, 1D ϩ 2F, and 1D ϩ 3F. Thus, D begins to increase between pH 4.35 and 4.1, regardless of the fitting model. This observation suggests that the conformational fluctuations of the molecule that result in the kinetics we observe are also changing between pH 4.35 and 4.1, providing a physical basis for our finding that two exponential components are sufficient to fit the data above pH 4.35, whereas three are necessary at lower pHs. Furthermore, we do not expect to find the same dynamics in pH Յ 4.1 solutions, where the protein explores the U and I conformations, as we do in the pH Ն 4.35 solutions, where the protein samples the more structurally similar I and N.
Discussion
Our results present clear evidence for structural fluctuations of apoMb across several distinguishable characteristic time scales: Ͻ10 s (at all pH values), Ϸ30 s (pH Յ 4.1), Ϸ100 s (pH Ն 4.35), and Ϸ200 s (pH Յ 4.1). We will first consider how the amplitudes and relaxation times from the fit functions relate to dynamics of the protein chain, and then explore the origins of the quenching mechanism enabling observation of the protein dynamics.
Conformational Dynamics of ApoMb Folding. What physical processes are responsible for the fluorescence fluctuations observed by FCS? There are two general scenarios. First, the fluctuations may correspond to a two-state interconversion between folded and U conformations. In this case, the observed relaxation time would be predicted to exhibit a chevron-like pH dependence, with a maximum near the apparent pK a of the transition, because the folding rate (which dominates at pH Ͼ pK a ) typically increases as pH increases, and the unfolding rate (which dominates at pH Ͻ pK a ) usually increases as pH decreases. Alternatively, the fluorescence changes may not arise only from the folding reaction itself, but also from localized dynamic quenching processes because of fluctuations within the partly folded or U states. Here, the relaxation time might be expected to remain relatively constant with pH, unless the motions that give rise to quenching are themselves constrained by pH-dependent structure.
Because a three-component model was favored to fit the FCS data below pH 4.1 and a two-component model above pH 4.35, we consider the two pH regimes separately. ApoMb V1C-AL488 undergoes the I to N folding transition between pH 4.35 and 6.0. The N state is formed with a relaxation time (300-400 ms at pH 6) (26) that is much slower than the diffusion time of the protein, Ϸ1 ms (SI Fig. 7a) . Therefore, FCS measurements in this pH range can be assigned primarily to fluctuations within I and/or within N, and less to their interconversion. Superposition of the spectra of two relaxation times ( A1 ϭ 100 s and A2 ϭ 8 s) adequately describes the fluctuations in this pH range. The amplitudes of both components decrease as the pH increases, suggesting that they primarily reflect conformational dynamics present in the I. Nevertheless, they persist in the N state, suggesting that the ''folded'' protein is sampling conformations associated with the intermediate state.
Our observations of conformational fluctuations in native apoMb are consistent with numerous reports in the literature that have characterized equilibrium dynamics. NMR studies have shown that at pH 6, a Ϸ20-aa stretch from the E-F loop to the beginning of the G-helix (residues 82-101) fluctuates between the folded state and unstructured or partially structured states (25) . An earlier investigation (35) that examined the effect of mutations on the native and acid denatured states of apoMb concluded that native apoMb fluctuates between several conformations. A third study (36) confirmed that finding by using energy transfer between the C-terminal Tyr and the A-helix Trps in horse apoMb (which has similar stability as sperm whale apoMb studied here) to show that a surprisingly large fraction of N state molecules sampled extended conformations.
The U to I transition occurs between pH 2.6 and 4.1. The fluctuations observed in apoMbV1C-AL488 in this pH range can be described by a superposition of the broad spectra of three relaxation times: B1 ϭ 200 s, B2 ϭ 30 s, and B3 ϭ 3 s. Jamin and coworkers (30) estimated the relaxation time of U/I folding to be 250 s at 4°C and pH 4.2 (30) . The same study reported that the rate increases by a factor of 10 at 20°C, the temperature used in our experiments. These times are consistent with our measurements. However, the relaxation times monitored by FCS are relatively constant from pH 2.6 to 4.2. They do not exhibit a maximum near pK 2 (pH 3.4) that would be expected for a pH-dependent conversion between folded and U states. This finding suggests that the observed fluorescence fluctuations are caused by dynamic quenching by fluctuations within conformational states U and I, rather than to interconversion between them. The amplitudes of the two faster fluctuations (B 2 and B 3 ) decrease as pH is raised from 2.6 to 4.1, indicating that they reflect motions primarily within U. In contrast, the amplitude of the slowest phase (B 1 ) remains constant over this pH range, signifying that it represents a motion present in both U and I. It is not surprising that the U state of the protein shows dynamic fluctuations of larger amplitude than the intermediate or N states. Indeed, broadening in NMR spectra of the aciddenatured state of apoMb specifically predicts s-ms contacts between the N-terminal portion of the protein, where Alexa 488 is located, and a stretch of amino acids that makes up the G-helix in the folded protein (33) . More specifically, a second NMR study found native-like interactions between the N-terminal A-helix region and the C-terminal G-H-helix region of acidunfolded apoMb, indicating the transient formation of compact states in the denatured protein (37) .
Contact rates for unstructured polypeptides have been successfully measured by using triplet-triplet energy transfer between exogenous probes (38) or naturally occurring amino acids (39, 40) . Two different studies observed that in longer polypeptide chains (Ͼ20-30 aa) the contact rates approached those predicted by polymer theory (41, 42) . We can thus consider the fluctuations seen in the U state of the protein in the context of their findings. Using the data from these two studies (39, 43) , we extrapolated the rates measured for model polypeptides to the most extreme case for apoMb, where the probe and quencher are separated by the entire length of the protein chain, to calculate contact times ranging from 400 ns to 6 s, depending on the sequence of the model polypeptide. The upper end of these estimates is of the same time scale as the fastest of the fluctuations, B3 Ϸ3 s, that we observe in the U state, and may represent the first contact time between distant parts of the protein chain (38) . However, we also observe relaxation times nearly two orders of magnitude slower than B3 . Thus, it is unlikely that the freely jointed Gaussian chain model, even when it takes into account excluded volumes and intrachain interactions, can account for the relatively slow (Յ200 s) relaxation times that we measure. Rather, our findings of slow dynamics emphasize the importance of concerted motions of the protein chain, even in the U states, where secondary and tertiary contacts are thought to be transitory.
Other recent reports in the literature also report a range of time scales for chain dynamics of denatured proteins. In one, singlemolecule fluorescence was used to measure a chain reconfiguration time of Ϸ20 s for ribonuclease H1, a value in good agreement with at least one of the time scales we observe (44) . However, a second single-molecule study reports a reconfiguration time of Ϸ50 ns for a small cold shock protein (CSP), that becomes slower as the protein folds (45) . Although observations of relaxation times this rapid are not within the time resolution of our measurements, CSP is also considerable smaller (66 aa) than apoMb and is known to fold by a two-state mechanism, which may account for its simpler, more rapid chain dynamics.
Quenching Mechanism. The physico-chemical origins of the fluctuations in the fluorescence signal of apoMb V1C-AL488 are attributed to interactions of the N-terminal Alexa 488 label with amino acids at various parts of the protein chain that quench the fluorescence emission of the dye. Because quenching is a short-range interaction (Ͻ2 Å) (46), we assume that quenching events occur via van der Waal's contact between the dye and quencher on a time scale faster than is resolved in these measurements (19) . Although the specific quenching mechanisms are not the focus of this study, we did determine which amino acids are most likely to be involved. Trp, Tyr, His, and Met were identified as potential collisional quenchers of Alexa 488 by fluorescence quenching studies of the dye in solutions containing individual amino acids (data not shown). Trp and Tyr are the most efficient quenchers. ApoMb contains two Trp residues (in the A-helix), and three Tyr residues [in the G-helix and near the C terminus (Fig. 1)] . The proximity of the Alexa 488 probe to the two Trp residues in the N state raises the possibility that it is the ''flopping'' of the dye (which has a long linker) to contact the A-helix that leads to some of the dynamics we observe. However, fluctuations of this type are expected to be on the order of nanoseconds or even shorter (38) , significantly faster than detectable in our measurements. Although Met and His are less efficient quenchers than Trp and Tyr, the large number of His residues, (12 His in the first 120 aa of apoMb; Fig. 1 ) implies additional weak quenching. Because multiple fluctuating components are observed on a broad range of time scales, it is most probable that multiple Alexa 488-residue interactions are responsible for the complexity.
Although our data do not specifically identify which contacts give rise to the observed fluctuations, we may reason from NMR data to consider some of them. The fastest fluctuations (pH Ն 4.35, A2 Ϸ 8 s; pH Յ 4.1, B3 Ϸ 3 s) may represent contact between Alexa 488 and a proximal amino acid. In the acid-U state (pH 2.6), the A-helix is known to form compact structures (25) . The A-helix contains the two Trps in close proximity to the fluorophore, and it is likely that contact made with these quenchers is reflecting the dynamics of the A-helix as it fluctuates between a random and a partially ordered structure. The decreasing amplitudes associated with A3 and B3 as the pH increases may be caused by increased stability of the A-helix in the I and N states or decreased access of the Alexa 488 to the Trp quenchers in these more compact structures. The remaining fluctuations are significantly slower (pH Ն 4.35, A1 Ϸ 100 s; pH Յ 4.1, B1 Ϸ 200 s and B2 Ϸ 30 s), perhaps slow enough that they may reflect concerted chain motions. In the I state, the A-, G-, and H-helices are present and packed in a native-like core, with restricted flexibility as compared with the remainder of the protein (33) . The slow fluctuation found in solutions pH Ն 4.35 ( A1 ) is probably motion of the chains outside of this stable core region. As the protein folds, and the remainder of the protein forms a more stable conformation, the amplitude (A 1 ) of this fluctuation decreases to only 3%. Likewise, the 200-s ( B1 ) fluctuation is also likely to reflect a motion outside of the A-G-H core region (although not necessarily the same motion); its amplitude is constant across the pH Յ 4.1 range, indicating it is not affected by the formation of the core as the pH increases from 2.6 to 4.1. Both fluctuations ( A1 and B1 ) could be caused by contact of the N terminus with one or more of the His residues, the majority of which are located in the B-F-helices.
A number of studies using FCS characterize protein fluctuations; however, each of those studies has shown relatively simple, single exponential kinetics (20) (21) (22) 24) . In the case of cytochrome c, the quenching mechanism is between the fluorophore and the heme group of the protein, and thus single exponential kinetics might be expected (22, 24) . In a study by Chattopadhyay et al. (21) , a protein was labeled with two fluorophores and monitored for selfquenching of these fluorophores, again anticipating a single mechanism that may be expected to give rise to a single relaxation time.
In their earlier study, a single fluorophore was used, as in this study; nevertheless, only a single fluctuating component was observed. The more complex kinetics that we observe are undoubtedly caused by multiple interactions from complex chain motions that result in quenching of Alexa 488.
The correlation function we used to fit the data assumes a model with some number of independent quenching events. It is possible that choosing a different model will result in a different analytical form of the correlation function. Here, we have cautiously used the simplest models appropriate to interpret our data. Because the differences in time scales between each of the relaxation times we observe at each pH are roughly an order of magnitude, we have confidence in the broad kinetics we observe and resolve with our multivariate quenching mechanism. We have also enabled measurement of more complicated kinetics than have been previously accessible by our use of an expanded focal volume geometry for longer diffusion times (Ϸ1 ms) of the protein, thus extending our sensitivity to longer time scales of structural fluctuations. In a smaller focal volume, the structural fluctuations A1 and B1 (Ϸ100-200 s) approach the protein diffusion time (Ϸ150-250 s) and thus are not separable from diffusion. The faster fluctuations we measure ( A2 , B2 , and B3 ) are similar in time scale to those measured in the above studies. It is appropriate to repeat the caveat that our choice of fitting the observed fluctuation correlation data with the smallest number of exponential decay times sufficient to fit the data represents a distribution of fluctuations consisting of a superposition of fluorescence quenching events. Because fluctuation correlations are frequently represented in frequency domain, rather than in the temporal domain that we have used for our measurements, Fourier transforms of fluctuation time scales as yielded from our fits are presented in SI Fig. 8 at pH-distinguished conformations: U, I, and N.
Conclusions
Remarkably complex, dynamic information about the broadband conformational fluctuations of the archetypal protein apoMb has been extracted without perturbing the system equilibria. As expected from other studies, the measured diffusion times D and corresponding hydrodynamic radii of apoMb are found to expand by Ϸ40% in the acid denatured state from the folded state. Of greater importance, we have found and have been able to characterize structural fluctuations of apoMb over approximately two orders of magnitude in time scale, as they vary with the folded, molten globule, and denatured states. Four distinguishable exponential relaxation times represent the broad conformational fluctuation spectra, revealing a general trend in slowing of the fluctuations concurrent with an increase in their associated amplitudes upon denaturation of the protein. This research has demonstrated that FCS can be a powerful tool for the study of protein foldingassociated conformational fluctuations. Future directions aim to distinguish the complex behavior observed here. These studies may benefit from use of double-labeled protein with a specific quenching mechanism, as well as mutations of amino acids thought to be responsible for quenching. It may be particularly interesting to monitor by FCS the fluctuations associated with the known transitions of apoMb from an assembly of ␣-helices to reported ␤-ribbon structures and aggregates that have been observed under aggressive conditions (2, 3).
Materials and Methods
Protein Expression and Labeling. ApoMb V1C was cloned, expressed, and purified as described (29) . In all subsequent experiments, the buffers used were 5 mM citrate, 20 mM NaCl, with pH adjusted from 2.6 to 6.3. For details of labeling, purification, and characterization see SI Text. FCS Measurements. FCS measurements were made on an instrument assembled in our laboratory, similar to one described in ref. 9 . Data analysis was done in Origin 7.0 (OriginLab, Northampton, MA). Sufficiently low laser intensity (Ϸ6 W before the objective) was used to ensure the molecules did not photobleach nor display triplet-state photophysics (see SI Text).
Modeling of FCS Data. The autocorrelation function G(t) is defined as:
G͑⌬t͒ ϭ ͗␦F͑t͒␦F͑t ϩ ⌬t͒͘ ͗F͑⌬t͒͘
where F(⌬t) is the fluorescence measured at delay time ⌬t and ␦F(t) ϭ F(t) Ϫ ͳF(t)ʹ. For solutions that contain only a single species diffusing in three dimensions, the correlation curves can be fitted with:
where N is the mean number of molecules in the focal volume, D is their diffusion time, and is the experimentally determined ratio of the axial to radial dimensions of the observation volume. If the species of interest is undergoing conformational fluctuations among multiple states that can be distinguished by their relative fluorescence quantum yields, and assuming no detectable change in D between the two states, ʈ then the correlation function can be written as (6, 47, 48) :
where G F (t) represents the contribution of the fluctuations to the correlation function. In our optical set-up, the back aperture of the objective was underfilled to create an enlarged focal volume resulting in an increase in the diffusion time of the protein ( D ). A longer D allows for better separation of the contributions to the correlation function caused by diffusion (G D ) from those caused by the conformational fluctuations (G F ), thereby accommodating accurate determination of the time scales of the fluctuations. In its most general form (47, 49) :
where i and A i are the eigenvalues and eigenvectors of the matrix that describes the time evolution caused by kinetics of the species of interest.
In modeling the simplest case, a species fluctuating between two states, the equation used is generally in one of these two forms shown:
where A is the relaxation time of the isomerization, A is the fraction of molecules in the isomerized state,** and A eq ϭ A/(1 Ϫ A) can be explicitly written out as a function of the equilibrium rate constants and the various quantum yields of the states (6, 47) . For more complex systems, where there are multiple fluorescent states of essentially equal diffusivities ʈ with multiple characteristic time scales that describe the transitions between these states, Eq. 4 can be expanded in a straightforward manner:
[6] **A is frequently referred to as an amplitude, as it reflects the amount of the correlation signal that can be attributed to conformational fluctuations.
